One sentence summary: Analysis of the drought transcriptome of Norway spruce 31 reveals divergent molecular response pathways in conifers. 32
of endogenous ABA during drought stress (Iuchi et al., 2001 ), which consequently, 126 results in reduced availability of CO 2 for photosynthesis. Plants differ in their 127 sensitivity to dehydration with substantial intra-and inter-specific variation in 128 response to drought. Herbaceous and woody angiosperm species are thought to be 129 mainly anisohydric in that they display a risk-taking behaviour, maintaining stomatal 130 conductance (g s ) under drought stress in order to keep productivity at a high level 131 (Sade et al., 2012) . In contrast, isohydric species, including most gymnosperms of the 132 pinophyta such as Norway spruce, initiate stomatal closure early during drought and 133 also maintain high levels of ABA in the foliage, restricting fast recovery after periods 134 of water deficit (Brodribb and McAdam, 2013; Brodribb et al., 2014) . Maintenance of 135 an efficient hydraulic system to ensure transport of water from the soil (xylem) and to 136 reduce water loss from leaves (via stomata) is especially important in in trees, which 137 are long-lived sessile organisms, for optimal plant hydration under seasonally and 138 annually fluctuating environmental conditions (Raven, 1977; Edwards et al., 1998) . 139
Differences in the regulation of water status can determine survival of trees in 140 response to drought with improper response mechanisms resulting in mortality from 141 either carbon starvation or hydraulic failure in isohydric and anisohydric species, 142 respectively. It is important to understand how species will respond within this 143 continuum of response mechanisms in light of predicted patterns of intensity, duration 144 and frequency of future drought events (McDowell et al., 2008 ). This will be 145 increasingly important to forest production as climate change increases the number 146 and duration of drought events, including changes to VPD (vapour pressure deficit), 147 which will particularly reduce productivity in ecosystems where the isohydric 148 pinophyta dominate (Roman et al., 2015) . 149
The role of ABA production in in roots and transport to the foliage to actively reduce 151 guard cell turgor is generally accepted as the primary mechanism mediating stomatal 152 closure during drought stress in herbaceous plants (Schroeder et closure may exist. The molecular basis of isohydrism has been less studied and genes 172 identified based on sequence homology in gymnosperms therefore require functional 173 confirmation in drought stress. 174
Needles and roots have distinct transcriptional responses to drought 251
Comparison of drought stressed to control needle and root samples revealed only 252 limited changes in relative transcript abundance in response to the mild drought stress 253 (two, four and five days without water) while a more extensive remodulation of the 254 transcriptome was induced by the severe drought stress, particularly in roots (18 and 255 21 days after treatment initiation) ( Fig. 2A & S1 ). Re-irrigation reversed the 256 transcriptional changes in needles, but the transcriptome of roots remained distinct 257 after recovery from that of control and drought samples ( Fig. 2A & S1B) . In total, a 258 greater number of transcripts were DE (differentially expressed) in roots than in 259 needles (6194 in comparison to 1403 DE genes, respectively, of which 636 were 260 commonly DE in both tissues), indicating that roots may have experienced more 261 severe water stress than the needles ( up-and seven down-regulated ( Fig. 2C and S2) , and similarly 98 genes were DE in 265 roots, with 90 up-and eight down-regulated genes ( Fig. 2C and S2 ). In contrast, 1304 266 genes were DE in response to severe drought stress in needles, with 871 of these up-267 and 433 down-regulated, while in roots 5835 genes were DE in response to severe 268 drought stress, of which 1926 DE genes were up-and 3909 down-regulated. 269
Extensive down-regulation was therefore an important component of the 270 transcriptional response mechanism of roots during severe drought stress and active 271 remodulation of the transcriptome was far more prominent in roots than in needles. 272
After re-irrigation, 23 genes were DE in needles, 14 up-and 9 down-regulated, 273 whereas in roots 853 genes were DE, 603 up-and 250 down-regulated. 274
275

The transcriptional response of roots involves extensive down-regulation of growth-276 related processes 277
To explore the biological processes involved in the transcriptome response to drought, 278 13 clusters representing co-expressed sets of genes were identified and functional 279 annotations assigned to these (Fig. 3A & 4A and Supplementary file 1 & 2 for gene 280 clusters primarily up-or down-regulated in response to drought, respectively). Gene 281 Ontology (GO) terms could be assigned to ~34% of the DE genes and GOSlim terms 282 were used to provide a global overview of the biological processes active in response 283 to drought in needles and roots ( Fig. 3B and 4B ). The GOSlim term "response to 284 stress" (GO:0006950) was significantly enriched (p < 0.05) in cluster 3 (Fig. 3B) , 285 which contained genes commonly up-regulated in both needles and roots in response 286 to severe drought. Cluster 10 (Fig. 4A ) comprised a large set of genes that were 287 specifically down-regulated in roots during severe drought, with this down-regulation 288 then reversed upon re-irrigation, indicating recovery from water stress. This cluster of 289 genes was significantly enriched (p < 0.05) for GOSlim terms associated with growth 290 including "anatomical structure development" (GO:0048856), "transport" 291 (GO:0006810), "reproduction" (GO:0000003), "carbohydrate metabolic process" 292 (GO:0005975), "cell wall organisation or biogenesis" (GO:0071554), "DNA 293 metabolic process" (GO:0006259), "chromosome organisation" (GO:0051276), "cell 294 differentiation" (GO:0030154), "cell cycle" (GO:0007049), "growth" (GO:0040007), 295 "anatomical structure formation involved in morphogenesis" (GO:0048646), "cell 296 morphogenesis" (GO:0000902), "developmental maturation" (GO:0021700), "cell 297 division" (GO:0051301), "cell proliferation" (GO:0008283) and "pigmentation" 298 (GO:0043473). As such, active down-regulation of growth appeared to be an 299 important component of the drought response mechanisms in the roots of Norway 300 spruce seedlings. Finally, "response to stress" (GO:0006950) was significantly 301 enriched (p < 0.05) in cluster 11 (Fig. 4B) , combining DE genes down-regulated in 302 roots both during severe drought and after re-irrigation. Cluster 13 (Fig. 4A ) 303 contained DE genes up-regulated during mild stress in needles, down-regulated in 304 roots and needles during severe drought and with expression that returned to near-305 control levels after re-irrigation. These genes were significantly enriched (p < 0.05) 306
for the term "cell wall organisation or biogenesis" (GO:0071554). Taken together, 307 these results indicate that growth processes were actively down-regulated in roots in 308 response to drought with this transcriptional response being highly plastic, showing 309 rapid reversal after re-irrigation. 310
311
In agreement, re-irrigation resulted in up-regulation (p > 0.05) in roots of metabolism 312 (e.g. "small molecule metabolic process" (GO:0044281), "carbohydrate metabolic 313 process" (GO:0005975) and "biosynthetic process" (GO:0009058) (Fig. 3B , cluster 314 7)), indicating an ongoing recovery from the severe stress. However, "response to 315 stress" (GO:0006950) remained induced in roots (p > 0.05) after re-irrigation ( Fig.  316 3B, cluster 6). Re-irrigation also induced additional genes associated with a stress 317 response to hypoxia in roots (Fig. 3A, cluster 7 ) (e.g. ADH1 and LOX2, see 318
Supplementary file 3 for details of genes), suggesting that a high level of 319 responsiveness was maintained in roots even after release of drought stress. 320
321
Functional analysis of the Norway spruce transcriptome in comparison to 322
Arabidopsis 323
Arabidopsis is the most comprehensively characterised species for a range of abiotic 324 stresses, including drought. To ascertain how relevant biological annotation of genesin this model system is for informing studies in Norway spruce, sequence homology 326 analysis was performed. Arabidopsis orthologs were identified for 13% (184 of 1400) 327 and 14% (888 of 6160) of DE genes in needles and roots, respectively, and homologs 328 identified for 57% and 55%, respectively (Table 1 and Supplementary file 3 ). An 329 additional 18% and 19%, respectively, were homologous to gymnosperm or other 330 angiosperm species available at the PLAZA resource (Proost et al., 2015) and only 331 12% (166 in needles and 762 in roots) of the drought responsive genes had no 332 homology match and were termed Norway spruce-specific singletons. There was no 333 significant enrichment for singletons within the DE genes. As such, the observed 334 transcriptional drought response of Norway spruce seedlings primarily involved a set 335 of genes that are broadly-conserved across lineages. 336
337
To specifically examine whether extensively characterised Arabidopsis drought-338 response genes displayed similar transcriptional response to drought in Norway 339 spruce, a manually-curated set of 373 genes was further considered (Supplementary 340 file 3). Orthologs or homologs were identified for 335 (89.9%) of these genes in the 341
Norway spruce genome, represented by 979 Norway spruce gene models (Table 2 and 342 and Supplementary file 3). These DE genes were assigned into the clusters detailed in 348 stress-response between the species, especially for osmotic and oxidative tolerance, 363 notable differences were observed in the transcriptional response of TFs. 364
365
Identification of TFs involved in regulating drought stress in Norway spruce 366
Among the DE genes in needles and roots were 74 and 240 TFs, respectively (Fig. 5) . 367
These TFs included members of 20 and 33 TF families, respectively, from the 54 TF 368 families annotated in the Norway spruce genome (Fig. S4 and Supplementary file 4) . 369
Among all TF families there was significant enrichment (p < 0.05) of ERF, C2H2, 370 MYB-related and NAC TF families in needles and ERF, MYB and SAP in roots ( responses, the majority of previous studies have focused on the response of 419 aboveground tissues. In this study, drought-induced transcriptional changes of both 420 roots and needles of Norway spruce seedlings were assayed by subjecting seedlings to 421 a progressively increasing soil water deficit, followed by a recovery phase after re-422 irrigation. The induced transcriptional responses were placed within a framework of 423 physiological responses observed in needles. To explore the extent of conservation in 424 the transcriptional drought response, the transcriptional response of Norway sprucewas compared to previous results in Arabidopsis, as the most comprehensively 426 studied model system for drought and other abiotic stress responses. 427 428 g s and A max were at their observed minimums at day 18 and midday shoot water 429 potential was as low as -2.1 MPa at day 21, before which there was little observed 430 physiological response to water stress in the needle samples (Fig. 1D) . In a similar 431 study of red spruce seedlings (Picea rubens Sarg.) photosynthesis continued until 432
water potential decreased to -3.0 MPa and was rapidly recovered to 70% of well-433 watered plants after re-irrigation (Seiler and Cazell, 1990 ). In the current experiment 434 re-irrigation after 21 days resulted in 80% recovery of the photosynthetic rates (Fig.  435   1C) . Nevertheless, the treatment was regarded as severe, with death occurring in 436 seedlings that experienced an additional two days of severe drought. In agreement 437 with this observation, it was reported earlier that Norway spruce seedlings die after 438 
451
The limited physiological response of needles to severe drought was reflected in the 452 transcriptome, with substantially fewer DE genes in needles than in roots (Fig. 2C) . In 453 contrast to the needle response, changes in the transcriptome of roots to an increasing 454 soil water deficit were observed starting at 30% FC, with the response being 455 particularly prominent in response to severe drought (day 18; Fig. S1B) . 456
Correspondingly, a greater number of GO biological processes were represented and 457 significantly enriched among DE genes in roots. Nevertheless, there was a common 458 enrichment in both tissues of up-regulated genes for "response to stress". The 459 extensive down-regulation in roots was enriched for a number of categories associated 460 with growth (e.g. "anatomical structure development", "growth", "cell wall 461 organisation or biogenesis"), metabolism (e.g. "carbohydrate metabolic process") and 462
"transport" related processes, indicating that reduced root development and growth is 463 an important component of the drought response mechanism in the roots of Norway 464 spruce seedlings. In contrast, the majority of DE genes in needles were up-regulated, 465
with representation of genes in categories including "transport", "small molecule 466 metabolic process", "cellular amino acid metabolic process", "signal transduction", 467 "reproduction", "biosynthetic process" and "anatomical structure development" 468 during severe drought, indicating that metabolism similar to pre-stress is maintained 469 in needles. In agreement, there was no enrichment for terms associated with 470 photosynthesis, suggesting that needles, in contrast to roots, did not adjust their 471 primary physiological mechanisms via modulation of the transcriptome and 472 corroborating that both physiological and molecular responses to drought stress are 473 limited in needles before severe damage and needle loss occurs. 
ABA-dependent regulation was less pronounced in Norway spruce than in 487
Arabidopsis. Whether this reflects a general divergence of the drought response 488 mechanisms between lineages or is a specific component of contrasting (isohydric 489 versus anisohydric) drought response strategies requires further studies. In addition to 490 these conserved and diverged components of homologous genes present in both 491 genomes, there were additionally a number of Norway spruce-specific genes that 492 were under active regulation in response to drought. These genes are uncharacterised 493 and lack functional annotation on the basis of homology, making them interesting 494 targets for future characterisation studies. 495
496
Differences and parallels between species were, among others, identified in the 497 transcriptional response of genes within the ABA signalling pathway. Sensing and 498 signalling by plant hormones plays an important role in the early response to drought 499 stress and production of ABA is a well-recognised component of the typical response 500 to water deficit (Schachtman and Goodger, 2008 ). In the current study, up-regulation 501 was observed in needles and roots for the ABA-synthesis genes NCED3 and NCED5, 502 a PP2CA gene and of the serine/threonine kinase SnRK2, involved in ABA signalling. were kept well-watered and monitored gravimetrically to maintain soil moisture at 584 80% FC. For a mild drought treatment, water was withheld from the seedlings until 585 soil moisture reduced to 30% FC, five days after start of the experiment. Seedlings 586 were kept in this stage of mild drought stress for seven days by adding the daily 587 evapotranspirational water loss. This was a non-lethal drought stress and above a 588 point where leaf death would occur. A severe drought stress was then imposed by 589 completely withholding water until symptoms of severe dysfunction, as measured by 590 photosynthetic assimilation rates, were observed. At this moment the severe drought 591 stress was extended for three days, bringing plants closer to catastrophic hydraulic 592 failure, before rehydration was started. After four days of re-watering soil moisture 593 had returned to the initial well-watered conditions at 80% FC. Needles and fine and 594 small lateral roots (<4 mm) of three to four seedlings were sampled at control (day 0), 595 mild (2, 4, 5 and 13 days) and severe (18 and 21 days) drought and after re-irrigation 596 (25 days) for RNA-Seq described below. 597
Gas exchange and water potential measurements 599
Gas exchange measurements were performed with a portable infrared gas analyser 600 (model LI-6400XT; Licor, Lincoln, NE, USA) at days 0, 2, 4, 5, 13, 16, 17, 18 and 25 601 of the drought treatment. Leaf photosynthesis at light saturation (A max ) and g s were 602 measured between 10:00 and 15:00 on three control and three drought treated plants 603 not used for RNA-Seq in a randomised sequence. Photosynthetic photon flux density 604 inside the cuvette was maintained at 1500 µmol m -2 s -1 and CO 2 concentration at 400 605 µmol mol -1 . Further, leaf-to-air vapour pressure deficit was between 1-1.5 kPa, leaf 606 temperature was close to 22 °C and humidity in the cuvette was maintained above 607 60%. Photosynthetic leaf area of the shoots used for gas exchange measurements was 608 determined using ImageJ (Schneider et was then applied to test significant differences between measurements of control 621 plants and water-stressed plants. Significant differences were assigned at P < 0.05. 
Availability of data and materials 723
The datasets generated and/or analysed during the current study were deposited to the 724 
